Abstract-This paper, the first of two parts, reports the design and fabrication of a fully integrated oven controlled microelectromechanical oscillator (OCMO). This paper begins by describing the limits on oscillator frequency stability imposed by the thermal drift and electronic properties ( Q, resistance) of both the resonant tank circuit and feedback electronics required to form an electronic oscillator. An OCMO is presented that takes advantage of high thermal isolation and monolithic integration of both micromechanical resonators and electronic circuitry to thermally stabilize or ovenize all the components that comprise an oscillator. This was achieved by developing a processing technique where both silicon-on-insulator complementary metal-oxide-semiconductor ( 
terms of stability. They provide high spectral purity and high accuracy output frequencies, exhibit exceptional long term aging, (parts per million per year) and have low sensitivity to ambient temperature drift (parts per billion, per degree Celsius, ppb/°C). Crystal oscillator manufactures go to great lengths to provide ppb/°C temperature drift performance. To obtain such high levels of stability, ovenized crystal oscillators have oven(s) integrated directly within their package. Within the package of an ovenized crystal oscillator both the electronics and crystal resonator are commonly positioned inside the oven chamber along with a temperature sensor and a heater (Fig. 1) . The chamber is then thermally regulated or ovenized at a temperature greater than the crystal oscillator assembly's maximum specified operating temperature. The ability to minimize changes in chamber temperature due to changes in ambient temperature is measured by a metric referred to as oven gain. Oven gain is the ratio of the change in ambient temperature divided by the corresponding change in the oven chamber's temperature. Sometimes two chambers are used to obtain better isolation or oven gain by placing one oven inside of another.
The power required to heat these chambers can be quite significant. That is where thermal resistance becomes important. Thermal resistance is a measure of how much power is required to heat the oven above ambient. Typical OCXOs cannot achieve very high thermal resistances due to size constraints of the package, electronics and quartz crystal. Hence, they can easily use watts of power to heat up to their internal operating temperature and require 100's of milliwatts, mW, to maintain it. This leads to another metric for OCXO's: warm up time. Due to their size and hence volume, OCXOs have large heat capacities. Thus, OCXOs have long thermal time constants (1-10 minutes) and can take 10's of minutes to warm up [1] , [2] . This makes them slow to react and they cannot compensate for quick changes in ambient temperature. Reducing volume would improve OCXO performance over transient temperature changes. However, this reduction is limited by restrictions on the size of the quartz resonator. As a result, instead of reducing size, many OCXOs increase their size (thermal time constant) and also may use double oven techniques to improve transient thermal stability.
At the micro scale (sub one millimeter dimensions) structures have large thermal resistances [3] . In addition, the small volume of these devices results in low heat capacities. The resulting thermal time constants, (1 to 100 milliseconds) can be 1000's of times smaller than what is obtained with stateof-the-art OCXOs. Hence, the power required to heat these devices can be considerably less and the temperature of the device can be controlled at a much higher speed. This is the basis of our research approach and the fundamental advantage of the technology reported here. To implement an OCXO at the micro scale we are leveraging the ability to integrate aluminum nitride, AlN, micromechanical resonators directly with 0.35 μm silicon-on insulator (SOI) complementary metal oxide semiconductor (CMOS) circuitry [4] , [5] . The AlN resonators are deposited on top of a completed CMOS wafer without altering the CMOS fabrication. This provides the ability to make very small thermally isolated oscillators. This work has demonstrated a low noise ovenized oscillator technology with unprecedented frequency stability of 300 ppb from −40°C to 85°C at low power (11.7 mW to 31 mW) [6] . The size of these novel devices (without the printed circuit board, PCB, based thermal control loop used in this work) is less than 3.3 mm 2 square and they can be thinned to less than 200 μm thick. In future generations the thermal control loop could be integrated directly on the same die resulting in fully an ovenized oscillator with a volume as low as 0.65 mm 3 .
There is significant past work on the ovenization of micromechanical resonators and oscillators. Nguyen and Howe [7] demonstrated a low power ovenized polysilicon resonator based on a high thermal resistance platform. The resonator temperature was stabilized using a constant resistance feedback circuit similar to the circuit reported here. The oven control loop, however, lacked some of the critical structures that we describe for canceling ambient temperature effects of the trace routing to the temperature sensors. More significantly, the resonator in [7] was not passively temperature compensated to produce a resonator where the non-ovenized response contains a turn-over-temperature, or temperature where the linear temperature coefficient of frequency (TCF) is zero. As a result, the polysilicon resonator could only be compensated to 2000 ppb/°C. Salvia et al. [8] demonstrated an ovenized silicon micromechanical oscillator with a stability of 2000 ppb from −20 to 80°C. The oven control was based on measuring and comparing the resonant frequencies of two microresonators with different TCFs located on a single ovenized platform. This approach, while a significant step forward in the thermal stability of micromechanical oscillators, resulted in higher phase noise, significantly higher spurs and increased power consumption due to the use of two oscillators. Tazzoli et al. [9] demonstrated an ovenized aluminum nitride based oscillator that achieved a frequency stability of 125,000 ppb from −45 to 85°C and was limited by frequency instability from the electronic sustaining amplifier. Sankaragomathi et al. [10] demonstrated a non-ovenized oscillator with a stability of 6000 ppb over a temperature range from 0 to 90°C. This result was achieved using electronic temperature compensation of an oscillator based on a thermally compensated film bulk acoustic resonator.
Similar to past ovenized MEMS oscillator efforts, our work leverages the high thermal resistances available using micromachining to achieve ovenization at mW power levels. Using three key techniques: 1) ovenization of the oscillator sustaining electronics, 2) passive temperature compensation of the microresonator and ovenization at the turn-over-temperature where the linear oscillator TCF = 0 ppb/°C and 3) design of a constant resistance feedback oven control loop that cancels the temperature dependent resistance of the routing needed to connect the on platform temperature sensor to the feedback circuit, we demonstrate an ovenized micromechanical oscillator with at least an order of magnitude improvement in thermal stability [6] when compared to prior art.
II. TEMPERATURE DEPENDENCE OF AN OSCILLATOR
To understand oscillator temperature dependence it is important to note that an oscillator is a positive feedback loop (Fig. 2a) comprised of a frequency determining element (resonator) and a gain element (oscillator electronics). An oscillator's dependence on temperature is a complex function of many variables. However, there are three main variables that usually dominate and they are physical properties of the resonator. The first is the temperature dependence of the resonator center frequency on temperature. This temperature dependence can be linear or nonlinear. For AlN resonators it can be approximated by Eq. 1. This describes how the center frequency of the resonator, f res , changes with temperature. The most important term in this Eq. is typically the first order or linear temperature coefficient of frequency, TCF 1 . However, in a resonator that has been temperature compensated, the resonator's frequency may have a 2 nd order or higher order nonlinear variation with temperature. The coefficients are typically normalized. For instance, the linear term, TCF 1 , has units of parts per million per degree Celsius or ppm/°C and the 2 nd order term has units of ppm/(°C) 2 . Note that T res is the temperature of the resonator and f o is the center frequency of the resonator at T res = 0°C. The second important characteristic of the resonator is its quality factor or Q. The resonator's quality factor is a measure of the steepness or slope of the phase between its input and output current vs. frequency. For example, this is shown in Fig. 2b . In this case the resonator's drive voltage frequency is swept through its resonance. The steepness of the resonator phase transition or its slope directly affects how sensitive the oscillator's frequency will be to phase changes which occur in the oscillator electronics. For the oscillator shown in Fig. 2 , one can derive the condition for oscillation. This occurs when two conditions are met at the same time. First, the negative real impedance of the oscillator electronics is equal to the motional impedance of the resonator, R x . This is equivalent to the requirement of unity loop gain for stable output amplitude in classical oscillator theory. Second, the total phase in the oscillator loop is zero or an integer of 360 degrees. These two conditions are met [11] when the real and imaginary impedances of the resonator, Z res , and the oscillator electronics, Z elect , sum to zero (Eq. 4). Note that Im elect is the imaginary impedance of the oscillator electronics and is typically sensitive to temperature.
Replacing the resonator's motional inductance, L x , and its motional capacitance, C x , with
−1 respectively in equation 4 and solving for the frequency, f osc (ω = 2π f osc ), results in Eq. 5. Note that the frequency of oscillation, f osc , is a function of the imaginary impedance of the oscillator, Im elect , at the frequency f osc and the temperature of the electronics, T elect . This term defines the oscillator's sensitivity to temperature due to changes in the temperature of the oscillator electronics, T elect . From Eq. 5 it is clear that the sensitivity of an oscillator to temperature is inversely proportional to the resonator's normalized phase slope at resonance (slope = −2 × Q ul ) and to its motional impedance. Note Q ul is the unloaded quality factor of the resonator. Interestingly, this analysis yields the third physical property which affects temperature stability; the motional impedance of a resonator. It implies that as the motional impedance is increased relative to the imaginary impedance, Im elect , the less sensitive the oscillator is to changes in Im elect . Increases in motional resistance, however, if not accompanied by an increase in the drive voltage to maintain a constant power in the resonator, will degrade the oscillator phase noise and jitter [12] . Variation in the electronics due to temperature can cause oscillator sensitivities in the range of 1 ppb/°C for oscillators with resonator quality factors in the millions [13] . For oscillators using AlN resonators which have unloaded quality factors in the range of 1000 to 2000, the oscillator electronics can result in frequency variation on the order of 1 ppm/°C. However, if temperature compensation of the electronics is performed to reduce variation in Im elect , it is feasible to reduce this variation significantly [8] , [10] . It is also worth noting that if the resonator is not temperature compensated, its TCF can easily dominate the oscillator's variation over temperature. For example, uncompensated AlN resonators have linear temperature coefficients in the range of −20 to −30 ppm/°C.
If we assume the temperature of the electronics and the resonator are the same and equal to the ambient temperature, T amb , the frequency of an oscillator as a function of ambient temperature (Eq. (6)) can be estimated by combining Eqs. (1) and (5). By differentiating (Eq. (6)), with respect to T amb we obtain the sensitivity of the oscillator to temperature (Eq. (7)).
To quantify the effect of the oscillator electronics a simulation of a Pierce oscillator was performed using a CAD program similar to HSPICE. The imaginary impedance of a Pierce oscillator was recorded at the expected frequency of oscillation which was 483 MHz. The impedance was measured between the nodes N1 and N2 in Fig. 3a . For this simulation shunt capacitances of C 1 = C 2 = 0.5 pF were utilized. The values C 1 and C 2 are representative of a typical AlN resonator shunt capacitance used in this work. The shunt capacitance is the capacitance between the resonator drive and sense electrodes and its ground electrode as well as any parasitic capacitance due to connections between the resonator and oscillator electronics. In addition, a feed through capacitance, C f t = 10 fF, modeling the capacitance between the drive and sense electrodes of the resonator of was added. The added feed through and shunt capacitances had no temperature dependence in this simulation. The actual resonator is not modeled in the simulation, only its parasitic capacitances as well as the oscillator electronics. The CMOS transistors (M1, M2, and M3) as well as the bias resistor, R b , are modeled using models from the CMOS design kit. The transistor M1 is biased at 100μA and R b = 100k, is a doped poly silicon resistor. A plot of Im elect versus temperature is shown in Fig. 3b . The slope of the oscillator's imaginary impedance at 95°C is approximately 234 milliohms/°C. If Q ul = 2000 and R x = 250 ohms then the expected temperature variation due to the oscillator electronics is −234 ppb/°C. Therefore, even if the resonator's resonant frequency is assumed to have no dependence on temperature, the oscillator electronics can still result in a large temperature sensitivity. This is especially true with the expected Q's and motional impedances of the AlN resonators used in this work. The main conclusion is: Thermally stabilizing the resonator alone is not sufficient to obtain oscillators with levels of variation that are in the range of 1 ppb per degree Celsius or less.
A. Thermally Stabilizing or Ovenizing at the Oscillator Turnover Temperature
The ability to hold both the electronics and resonator comprising an oscillator at a constant temperature should enable the development of temperature independent oscillators. However, this is not easily accomplished because of limits on how well a thermal control system can reject changes in ambient temperature. Typically a thermal control loop cannot hold the oscillator temperature at a constant set point, T set , and the effective temperature of the oscillator, T osc , is still a function of ambient temperature, Eq. (8). The oven gain, G oven , of the thermal control system determines how well it rejects changes in ambient temperature. This gain is set by many aspects of the oscillator and can be in the range of 100°C/°C [2] to 10,000°C/°C [14] , [15] .
As a result of practical limits on oven gain and because of the obvious advantages in reduction of temperature sensitivity, most OCXO designs [1] , [2] , [14] , [15] hold the oscillator at a specific temperature commonly called the turnover temperature, T T OV R , of the oscillator. The big advantage of holding the temperature of the electronics and resonator at the turnover temperature is that the oscillator's sensitivity to temperature at this temperature is ideally zero.
The turnover temperature of an oscillator is given setting Eq. (7) to zero and solving for temperature, Eq. (9). It assumes the resonator has a nonlinear temperature characteristic i.e. TCF 2 is nonzero.
If an oscillator is thermally stabilized at a set point of T set = T T OV R + T , then the effective sensitivity of the oscillator is given by Eq. (10). Note T represents an offset in the temperature set point from the turnover temperature.
III. OVENIZED MEMS OSCILLATOR (OCMO) CONCEPT
The need to maintain the entire oscillator at the turnover temperature led to the concept and development of a fully ovenized MEMS oscillator or OCMO on a single integrated circuit, IC, chip. A drawing of the OCMO platform and photograph of the OCMO IC fabricated at Sandia National Laboratories is shown in Fig 4. To implement this OCMO at the micro scale we are leveraging the ability to integrate aluminum nitride, AlN, resonators directly with a 0.35 μm CMOS process, CMOS7. It is a post CMOS process and the AlN resonators are deposited on top of a completed CMOS wafer. This provides the ability to make very small, thermally isolated oscillators. The actual OCMO platform in the IC is 730 μm long, 500 μm wide and 14 μm thick. The support beams connecting the platform to the IC are ∼500 μm long. The fabrication process is a low temperature, post CMOS process where AlN resonators are deposited directly on top of a completed CMOS wafer. Following deposition of the AlN resonators, a platform is defined by etching down through the AlN and CMOS stack to the silicon handle wafer. This platform is then released from the silicon substrate. A heater resistor and metal temperature sensing resistor are integrated into the platform. They provide the ability to control the platform temperature.
The only connection to the substrate is through the support beams (Fig. 4) . In vacuum, the thermal resistance of the structure can be controlled by the dimensions of the support beams. The design of the structure allows the temperature of the oscillator to be maintained at a constant temperature in the presence of heat loss due to conduction. This is done through proper placement of the heater resistors and sense resistor. Typically, the oscillator is set at a temperature slightly above the maximum desired operating temperature of the device. In vacuum, we have achieved thermal resistances that result in a 10 degree Celsius increase in platform temperature using only 1mW of power. Hence, only a few milli-watts are needed to stabilize the platform at a temperature above the maximum operating temperature of 85°C. The value of the thermal resistance is controllable by design of the support beams. Finally, by placing our device in a chip scale vacuum package the entire OCMO will have a volume of less than 1 mm 3 .
Through ovenization of the full oscillator, thermal variation due to the oscillator electronics is greatly reduced by placing the resonator directly above the oscillator circuitry. In addition, the thermal variation due to trace routing is greatly reduced as well. Finally, the thermal mass and hence heat capacity of the resulting OCMO can be made quite small. As a result, the thermal time constants for these structures can be on the order of 10's of milliseconds. This results in the ability to quickly adjust the platform temperature in the presence of fast thermal transients.
The OCMO features a temperature compensated width extensional resonator modified from a design previously used to construct temperature compensated micromechanical filters [16] . The resonator design, rather than using narrow tethers, is directly connected to the oven platform by much wider anchors equal in width to the resonator itself. This serves to increase the power handling of the resonator by allowing any temperature increases due to losses in the resonator to be removed by the lower thermal resistance of the anchors. More importantly for the OCMO, the lower thermal resistance, when compared to narrow tether anchors, between the resonator and the on platform temperature sensor improves the thermal stability by minimizing the effects of convective and radiative platform heat loss (i.e. any temperature difference between the temperature sensor and resonator is minimized). High quality factor is maintained by making the resonator aperture (or length of the resonator electrodes) equal to ten wavelengths [6] and using bussing stubs that serve to reflect energy back into the resonator. While some energy is certainly stored in the anchors and those anchors have a slightly different TCF than the main resonator area due to the different density of metallization, a parabolic frequency response with temperature is reliably obtained [6] . The cantilever design of the oven platform minimizes any transfer of packaging stresses, for example from die attach, to the resonator.
IV. OCMO FABRICATION PROCESS
The OCMO fabrication process is a post-CMOS process where the AlN resonators are fabricated on top of CMOS wafers after they have completed CMOS fabrication. This process takes advantage of the CMOS7 trench isolated siliconon-insulator, SOI, process. The CMOS7 process starts with an SOI wafer (Fig. 5) . Silicon, Si, islands are defined ( Fig. 5-2) where transistors or other silicon based devices will be formed ( Fig. 5-3 ). After the devices are formed, metal interconnect is patterned on top of the devices and a SiO 2 layer is deposited on top of the wafer (Fig. 5-4) . This completes the CMOS processing. By controlling the placement of the metal interconnects and silicon based devices we can create regions of CMOS circuitry that are completely encapsulated within silicon dioxide. This is the key to creating the isolated platforms as it enables the platform to be physically defined by etching through the SiO 2 to the bulk silicon (Fig. 5-5 ) and then performing a highly selective isotropic silicon etch (Fig. 5-6 ). The bulk silicon substrate is removed during this etch while anything protected by SiO 2 is not. Hence, the transistors and other devices are preserved (Fig. 5-6 ).
The process described above is an example of the steps required to create both thermally and mechanically isolated structures composed of trench isolated SOI CMOS electronics. It should be noted that this process has some similarity to previous work aimed at making bolometers [16] , however the process reported here does not require a backside wafer etch as part of the release process. To create an oscillator with AlN resonators additional process steps must be added. This requires adding the post CMOS compatible aluminum nitride process to this flow (Fig. 5) before steps 5 and 6 are completed. The additional process steps needed to add the AlN resonator and create the OCMO platform are shown in Fig. 6 . These process steps are described below:
Steps 1-2 (Occurs After Step 4 in Fig. 5 ): The AlN resonators are defined using the process described in [5] . The amorphous silicon layer is the sacrificial layer that defines where the AlN resonator will be released from the underlying CMOS. In [5] this layer would be removed as the final processing step to release the resonators. However, the resonator is not released after the AlN processing is complete in this case. There is an additional sub-step added to step 1 in this process where the oxide thickness under the resonator is adjusted to create a temperature compensated resonator. The deposition of this oxide occurs prior to AlN deposition and is shown in Fig. 5-1 between the bottom or ground electrode and the amorphous silicon. The turnover temperature of the oscillator TCF is determined by the thicknesses of all [18] . Note that a similar method of temperature compensation has also been done with silicon based flexural-mode resonators in [19] . The desired turnover temperature must be above the maximum operation temperature for the oscillator which was 85°C. For the layer thicknesses in Table 1 the expected resonator turnover temperature was in the region of 100°C.
Step 3: A single mask is then used to define the area where oxide will be etched down to the bulk silicon handle wafer. Photo resist is patterned, PR, and then an etch step removes the amorphous silicon in these areas. The PR mask is left on for the final etch in step 4.
Step 4 (Replaces steps 5 and 6 in Fig. 5 ): Once the amorphous silicon is removed a reactive ion etch, RIE, is used to remove the oxide. The etch stops on the bulk silicon handle wafer. This defines the size and shape of the oven platform. After the RIE oxide-etch the PR is striped. The final step is the release of the AlN resonator and the entire platform using a XeF 2 etch to remove the amorphous silicon under the AlN resonator and the bulk silicon under the platform. Fig. 5-4 shows the cross section of the OCMO after the release step. Note the bottom of the CMOS electronics are protected during release by the SOI buried oxide layer. The top and sides of the electronics are protected by the interlayer dielectric oxide used in the CMOS metal interconnect which is deposited using chemical vapor deposition (CVD) at a temperature less than 450°C.
V. OCMO THERMAL CONTROL LOOP
To reduce complexity in this initial OCMO design, it was decided to locate the thermal control loop electronics off-chip. Hence the signals used to control the temperature of the platform are routed out to pads on the IC. The drawback of placing the loop on the PCB is power consumption and size. The advantage is that the loop can be changed without reprocessing the CMOS IC, thereby enabling flexibility in the initial development of the OCMO control loop. In future designs this loop could be implemented directly on the OCMO IC. Fig. 7 shows a schematic diagram of the components on the OCMO used in the thermal control loop. The general location of the oscillator electronics is shown as well. In addition, there is a reference path (REFIN to SENOUT) and sense path (SENIN to SENOUT) built into the platform to provide a means of cancelling out the parasitic resistance, which varies with ambient temperature, in the metal sense resistor path.
Thermal stabilization using the platform made a few basic assumptions. First, by placing the platform in high vacuum the only path for heat loss is through the platform and its support beams. Therefore, it assumes heat loss due to both convection and radiation are negligible. Second, the temperature at the points where the resonator is connected to the platform are held at a constant temperature. Third, it was assumed that the average power used by the oscillator electronics on the platform is constant over temperature or has a small effect on the temperature of the oscillator with respect to the sense resistor temperature. Ostensibly, the oscillator power creates a fixed temperature gradient between the oscillator and sense resistor. The CMOS metal layers were used in the area where the resonator and oscillator are located to reduce the thermal resistance in order to make the platform as isothermal as possible and to minimize the temperature gradient between the oscillator and sense resistor. In future designs colocation of the resistive sensor with the oscillator will reduce the effects of oscillator power variation.
It is assumed that holding the value of sense resistance, R s , constant forces the temperature of the sense resistor to a fixed value. Moreover, through placement of the heater resistors, R H 1 and R H 2 , in the positions shown in fig. 7 we can ensure there is no temperature gradient across the sense resistor. Hence, the area of the platform where the oscillator electronics and resonator are located can be held at a temperature independent of the ambient conditions ( fig. 7) . This is the basis of a constant resistance temperature control loop (CRTCL). The CRTCL measures the temperature of the device by measuring an aluminum sense resistor or thermistor, R s , on the platform. The loop controls the average temperature, T plat f orm , of the sense resistor by applying power to the heater resistors R H 1 and R H 2 . It adjusts the temperature of the sense resistor such that its value is equal to an off-chip reference resistor, R re f , which typically has a 0.2 ppm per degree Celsius temperature coefficient of resistance, TCR.
Measurement and control of the sense resistance's value is critical for good control of the platform and hence resonator temperature. This measurement is complicated by the existence of the metal traces that route to them. These traces have a significant parasitic resistance, R spar , when compared to the sense resistance. In addition, they route through the support beams where there are temperature gradients that are dependent on the ambient temperature. The total sense resistance from SENIN to SENOUT ( fig. 7) is given by Eq. (11) .
To enable the measurement of R s independent of this parasitic trace resistance, R spar , an additional metal trace or reference path was added to the platform. The reference path is shown by the connection between REFIN to SENOUT in figure 5 . The reference path resistance R re f plat was designed such that its resistance could be measured in order to cancel out the effect of R spar on the total sense resistance. Therefore, the reference path resistance on the platform, R re f plat , has a value given by Eq. (12) .
Note the platform reference resistance has two components. The first component has a value, R re f par , which is ideally matched to R spar . The second is the part of the metal trace, R re f I , which routes over or adjacent to R s . It is assumed that this resistance is at the same temperature as the sense resistor and therefore does not contribute to an ambient temperature dependent error. The total reference resistance, R re f tot , is the sum of the off-chip reference resistor, R re f , and R re f plat (Eq. (13)).
A schematic diagram of the CRTCL circuitry is shown in Fig. 8 . The loop operates by setting the sense resistance, R sT ot equal to R re f T ot . This is done by first calculating V sense (Eq. (14)) with OPAMP1. Then, the integrator formed by OPAMP2 and the components R 1 , R 2 (Note R 1 = R 2 ) and C 1 forces V sense + V re f = 0, (Eq. (15)). In Eq. (16), Eq. (15) is simplified to find the value of the sense resistance forced by the loop. Note that if the parasitic resistances, R spar = R re f par , the sense resistance will not be a function of ambient temperature. The resulting temperature of the sense resistor on the platform, T Rs (Eq. (19)), can by calculated using Eq.s (16)- (18) and assuming, R re f par = R spar , R re f I R re f and the control loop has infinite gain at DC. Where T set is the desired temperature set point and G E is the oven gain provided by the CRTCL loop. Note it is assumed the oscillator temperature is the same as that of the sense resistor, T Rs .
R s0C and R re f 0C are the values of the sense resistor and reference resistors at zero degrees Celsius. The typical TCR or TCR S for the aluminum sense resistor in our process is ∼4000 ppm per degree Celsius. As noted previously, the TCR for the off-chip reference resistor, TCR re f , is ∼0.2 ppm per degree Celsius. For typical values the oven gain can be as high as 12,000. This means a 1 degree change in ambient temperature results in 1/12,000 th of a degree Celsius change in platform temperature at the sense resistor. For example, the effective temperature coefficient of frequency, TCF e f f ect ive , for an AlN microresonator without oxide based passive temperature compensation placed on the thermally stabilized platform with an oven gain of 12,000 is given by Eq. (20) .
VI. LIMITS ON THERMAL GAIN OR OVEN GAIN
While the OCMO thermal platform and CRTCL design removes temperature instabilities due to the electronics and trace routing it does not solve temperature variation due to poor vacuum or radiative heat loss. Poor vacuum and or radiative loss provides a parasitic path (i.e. not through the support beams) for heat to flow between the outside world and the resonator. Hence, even if the control loop keeps the sense resistor at a constant temperature, the resonator temperature can still vary. In other words, while the oven gain [3] , [21] at the sense resistor may be 12,000, it can be much less at the resonator. A thermal model was developed in ANSYS, a commercial finite-element analysis software package. The purpose of the model was to demonstrate the concept of creating an isothermal area on the OCMO platform in ideal conditions. It also was used to get a qualitative estimate of how well the platform can reject changes in ambient temperature. A process modeling tool available in MEMS Pro [20] was used to generate a 3D model of the OCMO which was then exported to ANSYS Workbench. The platform design used to generate the model was simplified in order to reduce the mesh density of the thermal model in ANSYS. The simplification included removal of the CMOS devices and complicated layouts which would have required a very complicated mesh for the FEM. The metal routing on each layer of the platform was replaced with a matrix of metal and oxide with the same effective percentage of metal contained in that part of the metal stack. Vias between metal layers were also removed. Finally, the material set modeled was limited to aluminum, AlN and SiO 2 . Table II details the material parameters used in the ANSYS thermal analysis.
The first thermal simulation using this model did not include the modeling of any radiation or convection related heat transfer (Fig. 9a) . In addition, power consumption in the oscillator electronics were not modeled for simplification. Future models could include the power consumed by the oscillator electronics. The power applied to the heater resistor (2.86 mW) resulted in a temperature rise of 34°C above the ambient temperature (22°C). The effective thermal resistance of the device based on this simulation was calculated to be 11.9°C/mW. Note that the resonator and oscillator electronics are in an isothermal region.
A second simulation was performed that added radiative heat transfer to the model (Fig. 9b) . The model used a surface emissivity of one which is worse case for radiative heat loss. The ambient temperature was set at 22°C and the same power was applied to the heater in this simulation. As expected, a thermal gradient developed along the length of resonator and oscillator device. In addition, one can see a thermal gradient from the top to the bottom of the platform in the area where the oscillator is located. This implied radiation does limit the maximum oven gain that can be achieved at the oscillator and thus cannot be ignored.
To determine how much the oven gain is limited by radiation and convection, the heater resistor was set to a constant temperature and the platform's average emissivity, the vacuum package pressure, and the outside ambient temperature were varied independently. Therefore, the effects of these variables on the oven gain could be quantified for this platform. To look at the effect of convection, a 30 micrometer thick layer of "air" was added under the model. The effects of convection were not modeled on the sides or above the platform. It was assumed that the distance between the package lid and the top of the structure (> 1 millimeter) would result in negligible contributions to the convective heat loss when compared to the air layer below the platform. This assumption is based on the fact that the thermal resistance due to convection is proportional to the distance between objects. In this case the package lid is much farther away than that of the silicon under the platform. The distance between the package lid and the platform is approximately 33 times larger than the distance between the bottom of the structure and the silicon substrate below it. The heat loss from convection on the sides of the device was not modeled due to added complexity and is also expected to be much smaller than the heat loss due to the lower air layer. To perform the analysis three simulations were performed for each of the simulation conditions in Table 3 . The effect of conduction was subtracted from the results in order to quantify the effect on oven gain due to convective and radiative heat loss only. In addition, if we assume equal coverage of Al and AlN on the top of the device, the average emissivity of the top of the device should be around 0.45. This is based on reported emissivities of Al and AlN in the range of 0.03 and 0.9 respectively [22] [23] [24] . The bottom and sides of the device consist of a thin film of SiO 2 with silicon or metal underneath which is similar to [25] and [26] . The emissivity of the entire OCMO structure is a complex combination of SiO 2 , Al, AlN and other materials. Therefore, to simplify the radiation model it was assumed that the average emissivity of all surfaces will fall in the range of 0.25 to 1. The results of these simulations are shown in Fig. 10 . The figure shows the oven gain, G P , of the platform accounting for both radiation and convection. It also shows the boundaries where convection and radiation limit the gain. Radiation clearly limits the oven gain once the pressure in the package is reduced. For an emissivity of one, convective and radiative heat loss are equal around 100 mTorr. Below that pressure radiation limits the oven gain to 100. With an emissivity of 0.5, the loss due to convection and radiation are equal at 50 mTorr and radiation ultimately limits the oven gain to 200. For our particular design we achieve package pressures on the order of 50 mTorr. Based on the model results (Fig. 10) the oven gain will not exceed much more than 100 for vacuum package pressures of 50 mTorr and an average emissivity of 0.5. Ultimately radiation limits the oven gain at low pressure (sub 1 mTorr). As can be seen from Fig. 9b , this design has a thermal resistance between the sense resistor and the oscillator. Therefore, heat loss due to radiation causes a temperature dependent thermal gradient from the tip of the "finger" to the location of the sense resistance which is at a fixed temperature. In future designs it would be possible to create an improved platform design which would increase the limit on the oven gain by locating the temperature sensor closer to the resonator and oscillator electronics.
To evaluate how radiative and convective heat loss affects oven gain we can combine the effects of the CRTCL oven gain with the oven gain due to radiation and convection to obtain an expression, Eq. 21, for the temperature of the oscillator, T osc . Assuming G E is large we can simplify this expression resulting in Eq. 22. It is important to note that the oven gain due to radiation and convection, G P , operates on the difference between the ambient temperature and the temperature the platform is set to, T set . The important conclusion from Eqs. 21 and 22 are that the oven gain of the oscillator is ultimately limited by radiative and convective heat loss. Thus, the oscillator's thermal variation (TCF) is not determined by the reference resistors TCR for the reported implementation.
VII. OCMO PLATFORM OSCILLATOR ELECTRONICS
Constraints on the resonator TCF, size, power handling and Q led to the choice of a resonator with a center frequency in the 400 to 500 MHz range. As a result, a Pierce oscillator topology was chosen for this design as it can operate at high frequency at very low power levels. A frequency divider was required to provide an output frequency in the range of 10 to 15 MHz. The divider was placed on the OCMO platform to ensure it did not cause additional sensitivity to temperature. However, locating the divider on the platform meant minimizing the supply power it used to reduce heating of the platform. To minimize power a dynamic frequency divider [27] was used. The divider was designed to divide the oscillator frequency by 32 or 40. Finally, an automatic level control or ALC loop was added to the design to provide the option of internally controlling the peak-to-peak output voltage of the oscillator. The location of the OCMO circuitry is indicated in Fig. 11a , and Fig. 11b shows a photograph of the released OCMO platform.
Two printed circuit boards, PCBs, were designed to enable testing of the OCMO. The main PCB was designed with a socket enabling a daughter board with an OCMO oscillator to be plugged into the main board. This enabled testing of multiple OCMO oscillators with the same main PCB (Fig. 12) . Each daughter board has commercial off-the-shelf, COTS, based buffers for both output of the OCMO: BUFFOUT and CLKOUT. These buffers are capable of driving the 50 ohm input impedance which is standard for most test equipment used to characterize the oscillator. The main PCB contains the constant resistance temperature control loop (Fig. 8) . The control loop consists of two AD8638 opamps and a reference resistor.
VIII. CONCLUSIONS
This paper, the first of two parts, has reported on the design and fabrication of a fully integrated, oven controlled micro electro-mechanical oscillator (OCMO). The oscillator is formed from a high-Q (1000-2000) AlN micromechanical resonator placed in a CMOS Peirce oscillator loop. A theoretical analysis is presented that demonstrates ovenization of the entire oscillator, both the resonant tank circuit and sustaining electronics, is needed to achieve OCXO level thermal stability on order of 1 ppb/°C. The OCMO takes advantage of the high thermal resistance provided by micromachining of approximately 10°C/mW to enable low power ovenization of both the AlN microresonator and the Peirce oscillator electronics while consuming just a few mW for the thermal stabilization. A microfabrication process is reported that enables monolithic integration of trench isolated SOI CMOS integrated circuits with AlN micromechanical resonators suspended from the substrate for high thermal resistance on the same platform. The platform temperature is stabilized using on platform heater and temperature sensor resistors placed in a constant resistance feedback loop. While the oven gain of the constant resistance feedback loop is calculated to be > 10,000 at the on platform temperature sensing resistor, thermal gradients on the platform due to radiative and convective heat loss are shown to limit the oven gain at the resonator and oscillator electronics to 100-300. Future improvements in the realized oven gain at the oscillator and the resulting improvement in oscillator frequency stability vs ambient temperature fluctuations are achievable through a redesign of the platform to place the temperature sensor in closer physical and thermal proximity to the oscillator itself. Despite the limited oven gain, the OCMO achieves a fractional frequency stability of ∼-1.2 ppb/°C [6] over the commercial temperature range of 0 to 85°C while consuming less than 32 mW of power at room temperature.
